ABSTRACT
The signaling states of many proteins depend on their association with a wide variety of purine nucleotides such as GTP, cAMP, cADP-ribose, and 7-methyl-GTP. Recently, we discovered that HIT proteins, dimeric proteins named for the HIT motif, His--His--His--( is a hydrophobic amino acid), are structurally related to galactose-1-phosphate uridylyltransferase and contain two identical purine mononucleotide-binding sites per dimer (1) . Proteins of the HIT superfamily fall into branches named for their mammalian prototypes, Hint and Fhit. Hint homologs are found in all forms of life, whereas Fhit homologs appear to be confined to animals and fungi. Fhit protein is of interest because the human FHIT gene (2) is a hot spot for early inactivation in carcinogenexposed tissues (3) and in the development of several common cancers (4) (5) (6) (7) (8) (9) (10) . FHIT encodes an enzyme with diadenosine P 1 ,P 3 -triphosphate (ApppA) hydrolase activity in vitro (11) . However, the cellular mechanism of Fhit activity, and the relationships between Fhit activity, the cellular pathways of Fhit, and cancer are not yet understood.
Because Fhit is encoded at the chromosome 3 fragile site, FRA3B (12) , it had been suggested that cancer-associated deletions in the FHIT gene represent a ''bystander effect'' in which carcinogenesis was initiated by other unrelated genetic changes and that FHIT deletions resulted from genomic instability within already established tumors (13) . However, if this were the case, reintroduction of FHIT cDNAs into tumors with FHIT deletions would not be expected to be consequential. On the contrary, stable reexpression of Fhit protein in gastric, lung, and kidney cancer cells with homozygous FHIT deletions suppressed the ability of those cells to form tumors in nude mice (14) . It is important to emphasize that whereas FHIT passed this test as a tumor-suppressor gene, there are at least two scenarios in which genes with importance in carcinogenesis might fail this test. First, if loss of function of a gene were to create a mutator phenotype that led to further genetic lesions, reintroduction of that gene into tumor-derived cell lines might not reverse their tumor-forming ability. Second, in complex genetic backgrounds, it might be difficult to measure the effect of reintroduction of a single tumor-suppressor gene. Thus, the ability of FHIT reexpression to reduce tumor formation in animals is a strong, positive result demonstrating antagonism of Fhit protein to transformed cell growth or survival (14) .
Given the activity of Fhit as a tumor suppressor, we considered three mutually exclusive cellular mechanisms for tumor-suppressing activity with respect to the biochemical activity of Fhit as an ApppA hydrolase. First, the tumorsuppressing function of Fhit might be to catabolize ApppA or related substrates. Second, the tumor-suppressing function of Fhit might be signaling by Fhit-bound forms of these compounds. Third, Fhit might have a nucleotide-independent role as a tumor suppressor. The differences between these three models are highly significant.
If, according to the first mechanism, the activity of Fhit as a tumor suppressor were to depend on clearing the cell of ApppA or related substrates, then mutations that block the ability of the enzyme to cleave substrates would be expected to result in loss of tumor-suppressor activity. Furthermore, a catabolic mechanism would suggest that Fhit substrates have a tumor-promoting activity mediated by a cellular factor that is present in the absence of Fhit protein.
If, according to the second mechanism, Fhit were to function by signaling the presence of Fhit substrates, then mutations
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Abbreviations: ApppA, diadenosine P 1 ,P 3 -triphosphate; IB2, Ado-p-CH2-p-ps-Ado; HIT, histidine triad; CHESS, Cornell High Energy Synchrotron Source. that block the ability of the enzyme to bind substrates would be expected to result in loss of tumor-suppressor activity. There are two biochemically distinct ways in which Fhit might signal to the cell that high levels of Fhit substrates have been made. In the simplest case, the enzyme-substrate complex might activate an anti-proliferative or pro-apoptotic effector in a manner reminiscent of signaling by the GTP-bound form of G proteins. Alternatively, a slow step in the cleavage reaction might exist that allowed an enzyme-intermediate such as Fhit-AMP to signal through an anti-proliferative or pro-apoptotic effector. In these models, cleavage of Fhit substrates or hydrolysis of Fhit-intermediates would be expected to terminate signaling.
Finally, according to the third mechanism, if the function of Fhit as a tumor suppressor were unrelated to nucleotide substrates, then it might be possible to reduce the ability of Fhit to interact with substrates without affecting tumor-suppressor activity.
The ability to evaluate these three cellular mechanisms depends on the ability to generate and to assay discrete biochemical phenotypes with respect to nucleotide interactions and to measure resulting FHIT alleles in tumorsuppressor assays. The crystal structure of rabbit Hint bound to 8-Br-AMP and GMP identified 14 conserved residues in HIT proteins that make intimate contact with the purine bases, the ribose, or the ␣-phosphate (1). Mutations that disturb interactions with the ␣-phosphate would be expected to reduce cleavage of HIT protein substrates without affecting the ability of those substrates to bind. On the other hand, mutations that occlude the base-binding site would be expected to hinder nucleotide binding.
His-112 of Hint, along with Asn-99 and His-114, corresponding to His-96, Gln-83, and His-98 of Fhit, were identified as the key residues surrounding the ␣-phosphate in nucleotide-bound forms of Hint that were predicted to affect cleavage but not binding of specific Fhit substrates (1) . Mutation of His-96 to Asn was shown to reduce ApppA hydrolase activity by more than three orders of magnitude in a nonpurified system (11) . Strikingly, this mutation did not reduce the tumor-suppressor activity of replaced FHIT cDNAs in the nude mouse assay (14) , suggesting that the tumor-suppressing activity of Fhit is not catabolic. To determine whether phenotypic analysis of this allele provided evidence for a nucleotide-independent mechanism of Fhit function or a cellular mechanism that depends on formation of an enzyme-substrate or an enzymeintermediate complex, the His-96 3 Asn mutant form of Fhit protein (hereafter called His96Asn Fhit) was purified and characterized biochemically. Data are presented that establish only a 4-fold defect in K m of the His96Asn mutant enzyme for ApppA, and a Ͼ10 6 -fold defect in k cat , most of which is evident in the first measurable chemical step of the reaction. These data are consistent with the idea that the biologically active form of Fhit is the enzyme-substrate complex.
Three crystalline forms of Fhit have been prepared to model the enzyme-substrate complex: wild-type enzyme bound to Ado-p-CH 2 -p-p s -Ado [IB2; a nonhydrolyzable ApppA analog (15) ], His96Asn protein bound to ApppA (15) , and His96Asn protein bound to IB2. Here we use coordinates of unliganded Fhit protein (16) to solve the structures of wild-type and His96Asn Fhit proteins bound to IB2 (17) , revealing that the Fhit dimer binds two ApppA substrates, displaying the third and fourth adenosines and six surface phosphate groups as a potential molecular signal to cytosolic effectors. Though the third potential mechanism of Fhit function, that tumorsuppressor function is unrelated to nucleotide interactions, is not eliminated by this study, residues are identified in the cocrystal structures whose substitution would be expected to hinder the ability of Fhit to bind substrates without denaturing the protein.
MATERIALS AND METHODS
Soluble and Crystalline Fhit Proteins. Purification of wildtype and His96Asn Fhit proteins and their crystallization in space group P6(1)22 have been described (15) . Cell lengths for the His96Asn-IB2 complex refined to ␣ ϭ ␤ ϭ 50.46 Å, ␥ ϭ 268.95 Å, and, as with other Fhit crystals (15, 16, 18) , required synchrotron radiation for data collection. Synthesis of IB2 has been described (17) . Cryogenic data for the complex of wild-type Fhit with IB2 were collected at beamline F1 of the Cornell High Energy Synchrotron Source (CHESS) as described (15 (20) . For assays of wild-type enzyme, Ͻ1 ng of wild-type enzyme was used per 10-min reaction, and these reactions included 20 g of bovine serum albumin. For assays of His96Asn enzyme, 30-40 g of Fhit was used in 2-to 3-h incubations. For reasons that were not apparent, the concentration dependence of His96Asn Fhit activity was observed to be slightly cooperative (Hill coefficient ϭ 1.3). Data for this mutant were fit to the MichaelisMenten equation with substrate concentration raised to the power of 1.3. Results, summarized in Table 2 , are means Ϯ SD for three wild-type and five His96Asn experiments.
Single-Turnover Assays of Fhit Proteins. Reactions, in 10 l of 50 mM Na Hepes, pH 6.8͞0.5 mM MnCl 2 containing 5 nmol of ApppA, were initiated by addition of 5 nmol (protein concentration refers to monomers) of homogeneous wild-type or His96Asn Fhit protein. At indicated times of incubation at 37°C, 1-l samples were spotted on aluminum-backed silica TLC plates with fluorescent indicator and developed with standard methods (11) . Nucleotides were visualized by UVshadowing.
Crystallographic Refinement. Unliganded, isomorphous Fhit protein coordinates (1FIT) kindly provided by Christopher D. Lima (16) had an initial R factor for the wild-type Fhit-IB2 data set of 40.6%. Coordinates were subjected to rigid-body, positional, and B-factor refinement and simulated annealing in X-PLOR version 3.851, guided by reduction of the free R factor of test-set reflections (21) . Reflections omitted from refinement (F͞ Ͻ 3.5 for the wild-type complex, F͞ Ͻ 3 for the His96Asn complex) were not excluded from difference electron density maps such as shown in Fig. 3 . Simulated annealing omit maps were calculated in five-residue sections of nearest His-96. In the complex with wild-type Fhit, the largest peak of difference electron density, near Leu-100, was stereospecifically assigned to the sulfur of IB2 in the S configuration, placing the P 1 phosphate near His-96 and the P 1 -P 2 methylene near His-98. In the complex with His96Asn Fhit, the largest peak of difference density, modeled as the P 3 thiophosphate group in the R conformation, was present nearest Asn-96. Though it is possible to ''refine'' the models to working R factors below 20%, the structural models presented herein have good geometry and are at apparent free R-factor minima, values of which are likely limited by disorder that prevents modeling of residues 107-128. Refinement statistics are summarized in Table 1 .
Molecular Calculations and Graphics. 
RESULTS
His96Asn Fhit Protein Binds ApppA. As summarized in Table 2 , prolonged incubation of His96Asn Fhit protein revealed specific, protein-and time-dependent, ApppA hydrolytic activity that is saturable with respect to ApppA substrate in the low micromolar range. Though the catalytic defect of His96Asn, judged by reduction in k cat ͞K m , exceeds seven orders of magnitude, the K m of the mutant enzyme for ApppA is only 4 times that of wild type, whereas k cat lags that of the wild type by more than six orders of magnitude.
His96Asn Fhit Protein Is Defective in the First Measurable Chemical
Step of ApppA Hydrolysis. Kinetics of ApppA cleavage by wild-type Fhit protein suggested that the enzyme attacks ApppA rapidly, releasing ADP and forming a covalent enzyme-AMP intermediate. Hydrolysis of the enzyme-AMP intermediate appeared to be the rate-limiting step in the reaction (18) . If the huge defect in steady-state ApppA hydrolase activity by His96Asn Fhit were because of formation of a putative enzyme-AMP intermediate at a normal rate and a specific defect in hydrolysis or release of AMP, then the role of Fhit as a tumor suppressor might be mediated by the enzyme-AMP intermediate. Fhit assays were performed with sufficient enzyme to visualize the products of one molar equivalent of ApppA by UV-shadowing on TLC plates. As the calculated t 1/2 of the wild-type enzyme for the complete (ApppA ϩ H 2 O 3 AMP ϩ ADP) reaction is 10 ms, it was not surprising that wild-type reaction was complete within the first (15 s) time point (Fig. 1) . If His96Asn Fhit protein were defective only in the second step of the reaction, one would expect one equivalent of ADP to be released with wild-type kinetics. Fig. 1 shows that mutant enzyme is retarded in the first measurable chemical step in the reaction, releasing no ADP at a 90-s time point. Longer incubations (not shown) demonstrate that AMP and ADP are released concomitantly with a t 1/2 of 3-6 h, suggesting that, for this mutant, formation of a putative enzyme-AMP intermediate is rate-limiting and is greatly retarded by the amino acid substitution. Because the His96Asn mutant form of Fhit, active in tumor-suppressor assays (14) , binds ApppA well but is severely defective in ApppA hydrolytic activity and the ability to form a putative Fhit-AMP intermediate, we reasoned that the enzymesubstrate complex is the active, signaling form of Fhit.
Wild-Type and Mutant Fhit Protein Dimers Bind Two ApppA Analogs with HIT-Specific and Fhit-Specific Amino Acids. We previously observed that Hint protein structures are not significantly changed by binding mononucleosides or mononucleotides (1) . The Fhit protein structure in Fhit-IB2 crystals is folded as is Fhit in apo, adenosine-bound, and adenosine [␣,␤-methylene]diphosphate-bound forms, and in a form crystallized with adenosine plus tungstate (16, 18) . Like other HIT proteins, Fhit appears to be constitutively dimeric. ( The Fhit architecture is formed by a highly curved, 10-stranded antiparallel ␤-sheet, termed a galactose-1-phosphate uridylyltransferase half-barrel (25) , which presents nucleotides on the top surface and buries long helices in the interior (1). The Fhit-IB2 structures, like those of the first Fhit structures, contains an amino-terminal ␤-hairpin not found in Hint and a gap from residue 107 to residue 127 or to 128 that is disordered (Fig. 2) .
For each Fhit-IB2 complex, difference electron density defined a chemically unique and stereospecific mode of IB2 binding per monomer of Fhit (Fig. 3 and Materials and Methods) that ordered several side chains in Fhit for which no role had been described (Fig. 4) . When the Fhit polypeptide contained the wild-type His residue at position 96, IB2 (Adop-CH 2 -p-p s -Ado) bound with the P Proc. Natl. Acad. Sci. USA 95 (1998) peak of difference electron density, wild-type Fhit selected the S stereoisomer of IB2 and buried the sulfur near Leu-100 (Fig.  3a) . When the Fhit polypeptide contained Asn-96, IB2 bound in the reversed conformation, with the P 3 phosphothio group near Asn-96. In addition to the P 3 for P 1 conformational reversal, difference electron density indicated that His96Asn Fhit selected the R stereoisomer (Fig. 3b) of the racemic IB2 preparation (17) .
Of the six residues in Fhit that create a hydrophobic pocket for the first adenine base, three (Phe-5, Leu-25, and the alkyl chain of Arg-28) are identical or similar to corresponding residues in Hint (1), whereas three side chains are conserved only within the Fhit subfamily. His-8 is always aromatic in the Fhit group, Ile-10 is always Ile or Val, and Met-135 is completely conserved. Interactions with the ribose of the first adenosine are conferred, as in Hint, by His-35, Leu-37, and Val-92. HIT proteins of the Fhit branch contain Asn-27 that aligns with an Asp in Hint homologs. This change may be responsible for decreased repulsive interactions with the 2Ј and 3Ј oxygens of the ribose. At the P 1 phosphate, His-96 is positioned as is His-112 in Hint. In the complex between His96Asn Fhit and IB2 (Fig. 3b) , His-98 is positioned to donate a hydrogen bond to the P 2 -P 3 bridging oxygen of IB2. A hydrogen bond donated by the backbone amide proton of Gly-13 of Ras to the scissile bridging oxygen of GTP was proposed to be strengthened in the Ras GTPase transition state and thus contribute to catalysis (26) . Such a role could account for the Ϸ300-fold defect in specific activity of the His98Asn mutant form of Fhit (11) . Because the wild-type Fhit-IB2 complex contains an electropositive methylene substitution for the scissile group, the complex between His96Asn and IB2 was necessary to see the interaction between His-98 and the bridging oxygen.
The binding site for the second adenosine of ApppA substrates is formed by polar contacts with Thr-79 and Gln-83 and nonpolar interactions with Val-31, Val-32, Leu-100, and Arg-102. Conservation of five of these six residues is diagnostic for the Fhit branch of the HIT protein superfamily, whereas Leu-100 is largely conserved in the entire HIT superfamily (1) . Thus, contacts with IB2 paint a surface of functionally important sequence conservation on the Fhit branch of the HIT protein superfamily.
Binding ApppA Analogs Creates a Large Change in Surface Electrostatic Potential and Hydrophobicity. As shown in Fig.  5a , the unliganded dimer contains a deep groove which is hydrophobic at its extremes and lined with six histidines, two arginines, and two glutamines in its interior. Upon binding ApppA analogs (Fig. 5b) , the groove is filled and displays six negatively charged phosphate groups and two adenines on its top surface.
DISCUSSION
Recent results (14) and those presented herein exclude the possibilities that the function of Fhit in tumor suppression depends on ApppA catabolism or signaling by virtue of formation of an enzyme-AMP intermediate and are consistent with a cellular mechanism in which Fhit signals as an enzymesubstrate complex to a putative anti-proliferative or pro-apoptotic effector. The possibility that tumor-suppressor function of Fhit is independent of nucleotide binding is not directly addressed by these experiments. However, the remarkable spatial (Fig. 6) and electrostatic (Fig. 5 ) complementarity between Fhit and nucleotide substrates and earlier observations on the identities of residues conserved in the HIT superfamily (1) argue that Fhit has been conserved as a nucleotide-binding protein. Nonetheless, this hypothesis must be tested genetically. As can be seen in Fig. 6 , substitution of hydrophobic residues forming the first adenine pocket with Trp would be expected to hinder substrate binding. If forma- tion of an enzyme-substrate complex is required for tumorsuppressor function, then these Trp substitution alleles of Fhit would be expected to lose function in parallel with a loss of ability to bind substrates. This loss of function would be expected to be epistatic to the functional but catalytically inactive His96Asn substitution. If, on the contrary, Trp substitution alleles bind substrates poorly but are phenotypically wild type, strong evidence would be provided for a nucleotideindependent mechanism. The substrate-dependent mechanism proposed for Fhit protein function shares some features with G-protein regulation and some features with proteins regulated by phosphorylation. G proteins such as Ras and G␣ have altered proteinprotein interactions in their GTP and GDP forms that are mediated in part by protein conformational changes. While we have argued that Fhit is likely to signal in substrate-bound forms, the protein portion of the Fhit-substrate complex is not significantly changed by substrate binding. Relative to a proposed ground state of Fhit that might be nucleotide-free or associated with AMP products, Fhit-ApppA complexes or Fhit-diadenosine tetraphosphate complexes would display four to eight additional surface phosphates and two surface adenosines. Judging from the kinetics presented in Table 1 , this modification of the Fhit protein surface is likely to be transient and exquisitely sensitive to the concentrations of Fhit substrates. Cellular conditions that produce Fhit substrates would act like a protein kinase, resulting in deposition of phosphates (and adenosines) on the Fhit surface. The intrinsic hydrolytic activity of Fhit would act like a protein phosphatase, releasing the modification. As we have argued earlier, substrates that associate well but are turned over slowly would be expected to sustain signaling longer than the ''best substrates'' (1). A putative Fhit effector that binds Fhit-substrate complexes may actually stabilize such complexes and act as an inhibitor of the Fhit reaction.
